have shown that the hexokinase reaction proceeds with mannose at about half the rate with d-glucose. This may account for the longer time taken to reach the maximum rate in the fermentation by yeast juice at 250 of mannose as compared with glucose (cf. Fig. 1 ). The equality of the two maxima is best explained by the previous observation that at low phosphate concentration (0040M) the reaction 3-phosphoglyceraldehyde + phosphate + cozymase =1:3-diphosphoglyceric acid + dihydrocozymase controls the over-all rate of hexose fermentation by dried yeast (Gottschalk, 1946) . It would thus appear that the observed differences between the fermentation of d-mannose and dglucose by yeast cells and by yeast preparations over the range of -temperature tested (0-38°) may be due to: (1) the slower rate at which mannose penetrates the cell-membrane, and/or (2) the slower rate at which mannose reacts with hexokinase, and/or (3) the instability of mannose-6-phosphate isomerase at temperatures above 280. SUMMARY 1. In contrast to that of d-glucose, the temperature coefficient of d-mannose fermentation by yeast cells is dependent on substrate concentration; it increases considerably with decreasing mannose concentration. With yeast extract as fermenting agent no such difference between mannose and glucose-is observed. It would thus appear that the cell membrane is responsible for this phenomenon.
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Recently, Berger, Slein, Colowick & Cori (1946) and Kunitz & McDonald (1946) have shown that the hexokinase reaction proceeds with mannose at about half the rate with d-glucose. This may account for the longer time taken to reach the maximum rate in the fermentation by yeast juice at 250 of mannose as compared with glucose (cf. Fig. 1 ). The equality of the two maxima is best explained by the previous observation that at low phosphate concentration (0040M) the reaction 3-phosphoglyceraldehyde + phosphate + cozymase =1:3-diphosphoglyceric acid + dihydrocozymase controls the over-all rate of hexose fermentation by dried yeast (Gottschalk, 1946) . It would thus appear that the observed differences between the fermentation of d-mannose and dglucose by yeast cells and by yeast preparations over the range of -temperature tested (0-38°) may be due to: (1) the slower rate at which mannose penetrates the cell-membrane, and/or (2) the slower rate at which mannose reacts with hexokinase, and/or (3) the instability of mannose-6-phosphate isomerase at temperatures above 280. SUMMARY 1. In contrast to that of d-glucose, the temperature coefficient of d-mannose fermentation by yeast cells is dependent on substrate concentration; it increases considerably with decreasing mannose concentration. With yeast extract as fermenting agent no such difference between mannose and glucose-is observed. It would thus appear that the cell membrane is responsible for this phenomenon.
2. The maximum rates of mannose and glucose fermentation at 250 by yeast extract are the same provided that during the preparation of the yeast extract the temperature does not exceed 28°; with higher temperatures mannose is fermented markedly siower than glucose. Taken with previous findings of Jephcott & Robison (1934) this result suggests the existence in yeast of two aldo-hexose phosphate isomerases, the mannose-6-phosphate isomerase being more readily destroyed at 28-38°than the glucose-6-phosphate isomerase.
3. Experiments at 100 afford evidence that both a-and f-d-mannopyranose are fermented without preliminary interconversion by mutarotation.
The Effect of Diet on the Glutathione Content of the Liver BY G. LEAF AND A. NEUBERGER, The National In8titute for Medical Re8earch, London, N..W. 3 (Received 18 November 1946) It has been shown recently (Glynn, Himsworth & Neuberger, 1945 ) that white rats kept on a diet containing all the amino-acids occurring in proteins with the exception of methionine and cystine, develop after varying lengths of time massive necrosis of the liver. Although it is not quite certain that the dietary deficiency of sulphur-containing amino-acids was the sole cause of the liver lesions observed, the results suggested that-the pronieness of the rats to develop hepatic necrosis was specifically associated with a lack of cystine, or its potential precursor methionine, in the amino-acid mixture. It seemed likely that the absence of these amino-acids from the diet would produce a reduction in the relative concentration of the non-protein sulphur in the tissues. Thus Lee & Lewis (1934) found in rats, which had been reared on a diet relatively deficient in cystine, low sulphur values in protein-free extracts of liver, kidney and muscle; these authors also observed that the ratio of nitrogen to sulphur in such extracts was very much higher than normal, indicating a relatively greater loss of sulphur than of nitrogen. It was noted that the composition of the proteins of these tissues was not altered. In dogs also, protein depletion is associated with an increase of the ratio of total nitrogen to total sulphur in the liver (Miller & Whipple, 1942) . Moreover, the results obtained by French workers (Randoin & Fabre, 1927 Binet & Weller, 1934 , 1935 Marenzi & Braier, 1934) with the not very specific iodometric method, indicated that a definite decrease of the glutathione content of many organs, especially of the liver and kidney, is produced by starvation or administration of a diet poor in cystine or methionine. It was therefore proposed to investigate in some detail the effect of the diet and particularly of changes in the amounts of cystine and methionine supplied, on the glutathione content of the tissues. It was thus hoped to establish an association between variations in the chemical composition of the liver and the onset of hepatic necrosis.
In the course of this work the wider aspects of the problem became apparent. It was pointed out by one of us (Neuberger, 1946) in a discussion on the metabolism of amino-acids, that the clinical picture produced by dietary deficiencies of the various essential amino-acids is on the whole remarkably uniform. This is to be expected in so far as a deficiency leads only to an interference with the synthesis of proteins. Since the amino-acid composition of any particular species of protein molecules is fixed, the utilization of amino-acids for protein production is interdependent. In certain cases the body may adjust itself to a deficiency in a particular amino-acid by synthesizing proteins relatively poor in the missing compound at the expensg of other proteins. This has indeed been found for cystine deficiency which leads to a decrease in the cystine content of hair (Lightbody & Lewis, 1929) . The morphological changes observed indicated that the proteins poor in sulphur were relatively increased by the .dietary deficiency (Smuts, Mitchell & Hamilton, 1932) . However, it may be expected that such an effect will be rare; it does not indeed, even in the case quoted, extend to the proteins of tissues like liver and muscle. With low-molecular metabolites which are produced from essential amino-acids such an interdependence does not exist and a deficiency may therefore lead to a decrease of the concentration of the substance in the tissues. Specific lesions may therefore be expected to be associated with chemical changes in body constituents other than proteins. Lack of sulphurcontaining amino-acids in the diet appears to produce effects which are not only more severe than those observed in deficiencies of other amino-acids, but the symptoms also seem to be qualitatively of a different character. It is to be expected therefore, that this difference would be reflected in a change of the relative composition of the body, particularly with regard to the non-protein constituents of the tissues. EXPERIMENTAL Young black and white or Wistar albino rats usually weighing 60-90 g. were used.
Diet
Unless otherwise stated the animals were given a stock diet which supported good growth (about 2.7-g./day) and contained 18-20% protein, mainly derived from dried milk and wholemeal flour. The (1946, 1947) .
On the low protein diet the animals steadily lost weight at the rate of about 1-3 g./day and the diets containing 10 % of cystine and methionine also caused a rapid loss of weight. The diet containing 60 % casein supported growth to about the same extent as the stock diet.
Estimation of glutathione The animals were killed some 2 hr. after removal of food, either by asphyxiation with coal gas or by a blow on the head. After puncturing the heart, the tissues were removed as rapidly as possible, washed free of blood and sliced into 2 % salicylsulphonic acid contained in a weighed 'Potter homogenizer' tube. The whole was then kept in an ice-salt mixture until it was reweighed, thawed, homogenized and finally filtered. The extracts were then used for glutathione estimation for which three methods were applied.
Results were expressed in terms of mg./100 g. of tissue and in the case of the liver also in terms of mg./100 g. of body weight. This latter expression to some extent eliminates the variations due to change in liver weight.
(1) Iodometric method. This was an adaptation of the method of Fujita & Numata (1938) in which the interfering ascorbic acid was removed by addition of excess of a solution of 2:6-dichlorophenol-indophenol (0-025 %, freshly prepared) and back titration of the excess with a standard ascorbic acid solution (0-0025 % in 2 % metaphosphoric acid, also freshly prepared) (cf. Kennaway, Kennaway & Warren, 1944 (Fujita & Numata, 1939) . The intensity of the absorption of the solution was measured in the Spekker absorptiometer using the Ilford Spectrum green filter. Contrary to the report of Herrmann & Moses (1945) we found that delay between the addition of nitroprusside and ammonia caused a marked reduction in the sensitivity of the method and the two additions were therefore made immediately before the reading was taken. With this precaution the method gave accurate and reproducible results with pure glutathione solutions above a concentration of 0-01%.
(3) Manometric method. This method was devised by Woodward (1935) and depends on the coglyoxalase action of glutathione. Here it was found advisable to store the yeast glyoxalase preparation in evacuated ampoules at 00 in order to preserve the activity effectively.
Comparison of methods Table 1 contains averages of a number of results obtained by the three methods. The agreement is quite good with normal livers, though the values obtained by the iodometric method are somewhat high, and in cases where the liver contained only small amounts of glutathione the difference became significant. Under such conditions the colorimetric method was also found unsuitable owing to the occurrence of an inflexion in the calibration curve of absorptiometer readings.
In the case of lung and intestine, results obtained by the manometric method were invariably lower than those obtained by the iodometric method.
The manometric method appears to be the most reliable because of its specificity. Aspartathione and isoglutathione are the only compounds so far discovered which are capable of simulating glutathione as coglyoxalase (Behrens, 1941) and these are not known to occur in the body. Unless otherwise stated, the results quoted in this paper were obtained by the manometric method. In no case was the determination of oxidized glutathione attempted. This omission was considered justified on the grounds that previous workers have found little or none of it in the tissues (Binet & Weller, 1935; Dohan & Woodward, 1939 The discrepancy between the manometric and iodometric methods was much more serious in the case of the kidney. It was thought that this may be due to the presence of an enzyme which rapidly liberates cysteine from glutathione. Such an enzyme has been found in rat kidney (Schroeder & Woodward, 1937) , and we have observed that cysteine takes up more than one equivalent of iodine under the conditions of our titrations. In order to eliminate the effect of such an enzyme the treatment of the kidney was carried out as rapidly as possible, the tissue often being minced and frozen in salicylsulphonic acid within a minute of opening the abdomen. In spite of this, however, the discrepancy was not resolved. It is doubtful, therefore, whether the difference between the results obtained by the two methods is completely explained by the presence of cysteine but we have not investigated this matter further.
figures are averages of a number of determinations; for the kidney the manometric method was used, whilst for other tissues the iodometric method was employed. These results also showed some scatter but not to the same degree as those for the liver and the average figures agree with those reported recently in the literature by other workers (for references see Herrmann & Moses, 1945) .
The effect of protein deficiency and fasting on the glutathione content of rat tissues. After being transferred to the low protein diet the animals lost weight and the glutathione content of the livers-of both strains fell, as can be seen from Table 3 suggest that any change which takes place in these tissues is of a less drastic and more gradual nature. In contrast to the above result, fasting for 24 or 48 hr. had little or no effect on the glutathione content of the livers of black and white rats though there was considerable loss of body weight. The albino rats seemed to be somewhat more sensitive in this respect. Biochem. 1947, 41 The effect of addition of cystine or methionine to a low protein diet on the glutathione content of rat livers.
To determine whether cystine or methionine would affect the depletion of liver glutathione produced by the low protein diet, these amino-acids were administered with this diet in daily amounts of 30 and 37 mg./rat respectively. The results in Table 4 show that, when given from the beginning of the low protein period, these supplements were very effective and the levels of glutathione found in the liver appeared to be higher than the normal values. Similarly such supplements rapidly restored the liver glutathione content after depletion caused by varying periods of low protein diet. This latter effect was shown to be transitory, however. Thus, when the rats were fed on the low protein diet for 21 days and then given cystine or methionine for 2 days and returned to the low protein diet for a further 1 day before being killed, the liver glutathione had once more fallen to a very low level. DIET AND LIVER GLUTATHIONE The effect of diets rich in cystine or methionine on the glutathione content of rat livers. Diets containing 10% of cystine or methionine did not produce a spectacular increase in the glutathione content of the liver in spite of daily intakes of 500-1000 mg. of cystine and 250-500 mg. methionine respectively. The results in Table 6 suggest that an increase over the normal values takes place initially but eventually the glutathione concentration appears to be normal or even slightly reduced. Consumption of a diet containing 60 % of casein for 5 days appeared to have little effect. glutathiohe to dietary changes, are in keeping with their results. This lability causes a certain amount of difficulty in assessing the results of glutathio,ne estimation. The wide variations encountered, even in normal anixnals, suggest that a single determination gives only a momentary glimpse of a rapidly changing situation.
The experiments with both low protein and pure amino-acid diets lead to the conclusion that the glutathione content of the liver depends entirely on the availability of cystine or methionine in the diet and not at all on the supply of other essential In the experiments in which excessive amounts of cystine were given the results obtained by the iodometric method were much higher than those indicated by either of the other two methods. The better agreement shown between the manometric and colorimetric methods suggests that glutathione is the only thiol compound present, and as cystine takes up very little iodine under the conditions of our experiments, the occurrence of the high reducing value is difficult to explain. This matter has not been investigated further.
DISCUSSION
Though glutathione has only been isolated from a few tissues, it is generally thought to occur in most cells, in varying concentrations. The function of this tripeptide is not definitely known, but. its biological importance is probably associated with its SH group. Waelsch & Rittenberg (1941 , using isotopic nitrogen, showed that glutathione is rapidly broken down and resynthesized in both intestine and liVer; these authors calculated that half of the glutathione of the liver.was replaced in 2-4 hr. Our findings, which indicate a very marked and quick response of the concentration of liver amino-acids. Thus ainistration of cystine to rats kept on a practically protein-free diet completely prevented the decrease of glutathione in the liver found on the basal diet alone, and similarly the loss caused by prolonged depletion was quickly made good by the addition of either cystine or methionine to this basal diet. The body can apparently supply the other two components of the tripeptide, viz. glutamic acid and glycine, fairly easily; this is also shown by the observation that administration of these non-essential amino-acids together with cystine causes an increase in the glutathione content of the liver which was not higher than that found with cystine alone.
Though variations in the glutathione content of the liver produced by changes of the diet are wide, they occur only within certain upper and lower limits. Thus a very marked increase in the intake of cystine or methionine has only a slight effect and the same also applies to an increase of proteins in the diet as a whole. Conversely, even in prolonged deficiency, glutathione never disappears from the liver, and indeed the average values found after. Vol. 4I 285 is synthesized at a reduced rate in the liver from amino-acids obtained from the break-down of tissue proteins. Such a dynamic equilibrium between the sulphur-containing amino-acids present in proteins and the cystine in the glutathione of the liver may also explain the relatively high values of liver glutathione found in some animals on aminoacid diets deficient in methionine and cystine. In starvation, proteins are utilized to supply caloric requirements and are broken down more rapidly than in specific protein deficiency. It is likely therefore that in starvation larger quantities of cystine and methionine are available for glutathione synthesis and this probably explains our finding that fasting for a period of 24-48 hr. had little effect on the glutathione content of the livers of black and white rats. Binet & Weller (1935) subjected guinea-pigs to prolonged fasting (8 days) and found only a slight drop in the liver glutathione. Our data, though not very extensive on this point, indicate that the glutathione content of other organs is not influenced by dietary variations to the same extent as that of the liver. Glutathione appears to share this lability with other constituents of the liver cell such as glycogen and the labile protein (Kosterlitz, 1944; Harrison & Long, 1945) and ribonucleic acid fraction (Davidson & Waymouth, 1944) of liver cytoplasm. It is doubtful, however, whether the decrease in the glutathione content of the liver is the only change in the relative composition of the body produced by a dietary deficiency of cystine and methionine. Thus the loss of non-protein sulphur found by Lee & Lewis (1934) in muscle and liver cannot be accounted for by glutathione alone and this applies also to the findings of Miller & Whipple (1942) in dogs. It is likely therefore that the concentration ofsome other sulphur-containing compound, present in many tissues in the non-protein fraction, is reduced in dietary deficiency.
The original purpose of this investigation was to find out whether the acute massive necrosis of the liver observed in rats reared on diets containing only traces of cystine and methionine is caused by a change in the composition of the liver with respect to sulphur. Dent (1947) has shown that the relative amounts of cystine and methionine in the proteins of the liver are not reduced, even in animals in which hepatic necrosis is observed. The results of this investigation show that a diet which may produce liver lesions also reduces considerably the glutathione content of the liver and probably also the concentration of other low-molecular sulphurcontaining compounds. However, in the present experiments, hepatic necrosis was produced neither in the albino nor in the black and white rats, though the animals lost nearly half their original body weight during the period of deficiency. It is therefore impossible to state whether the onset of acute necrosis is associated with a further decrease or virtual disappearance of glutathione in the liver. It is doubtful, and in our opinion unlikely, that a decrease in the concentration of glutathione or any other sulphur-containing compound in the liver is by itself responsible for liver lesions. It is more likely that a toxic agent of an infectious nature, such as a virus, or a substance which arises in the normal metabolism of the animal, is involved. A deficient diet is likely to make the animal more susceptible to such a toxic agent and this effect may be associated with a reduction of the glutathione of the liver. The increased sensitivity to various toxic substances of animals kept on diets in which the intake of sulphurcontaining amino-acid is the limiting factor has been demonstrated by several workers (Miller & Whipple, 1942; Heppel, Highman & Porterfield, 1946) . The fact that the liver is the organ involved in these toxic effects may be connected with the marked lability of the liver glutathione in response to dietary changes. SUMMARY 1. A diet low in protein produced in rats an almost instantaneous and marked reduction in the liver glutathione content which after about 14 days reached a constant level corresponding to 20 30 % of the normal value. This fall was prevented by the addition of cystine or methionine without a corresponding increase of the intake of other aminoacids. Administration of cystine or methionine also restored very quickly to normal low glutathione values produced by a deficiency. Other organs were not greatly affected.
2. An increase in the intake of cystine or methionine to a high level did not produce a marked effect on 
